ABSTRACT Cardiac dysfunction in animals has been associated with impairment of arterial and cardiopulmonary baroreflex control of the circulation. Chronic heart failure in human beings is associated with neurohumoral excitation, which could result in part from impairment in the inhibitory influence of baroreflexes. We postulated that (1) 
in baroreflex-mediated inhibition of the vasomotor centers and a consequent increase in neurohumoral drive. In human beings, heart failure has also been associated with neurohumoral excitation characterized by increased circulating levels of norepinephrine, increased plasma renin activity, and increased levels of vasopressin and angiotensin.i-10 In addition, patients with heart failure have been demonstrated to have abnormal vascular responses to postural changes," 12 but the mechanisms underlying these abnormalities remain unclear.
This study was undertaken to test the hypothesis that the presence of moderately severe ventricular dysfunction in human beings is associated with attenuation of cardiopulmonary and arterial baroreflex afferent activity resulting in an increased neurohumoral drive. This impairment would be associated with the loss of the normal forearm vasoconstrictor response to unloading of cardiopulmonary and arterial baroreceptors by lower body negative pressure (LBNP). We further hypothesized that, as seen in animal preparations,'31-7 the administration of a digitalis glycoside will sensitize the baroreceptors and augment baroreflex mechanisms.
Methods
Patient selection. Eleven patients with moderate-to-severe left ventricular dysfunction (defined by radionuclide ventriculography as left ventricular ejection fraction of 30% or less and typical symptoms of impaired cardiac performance) formed the study group. All patients were men, ages 22 to 57 years (37.0 + 3.6 years, mean + SE), and had supporting clinical, roentgenographic, and/or echocardiographic evidence of impaired ventricular function. Severity of cardiac disease ranged from class II to class IV by New York Heart Association functional classification, and the cause of the left ventricular impairment was ischemic, viral, or idiopathic cardiomyopathy. No patient was studied within 1 month bf a myocardial infarction. Digitalis glycosides were withheld for a minimum of 10 days before study and this was confirmed by a negative serum assay for digitalis the day before the study began. All other medications were withheld for 24 hr under close observation. On admission, all patients underwent evaluation of blood counts and chemistries; chest x-rays, echocardiograms, and electrocardiograms were also obtained. All patients were in sinus rhythm. A resting gated radionuclide ventriculogram was obtained from all subjects within 10 days before study. All Responses to the cold pressor stimulus were determined in six of the patients by immersion of the patient's free hand in ice water for 90 sec while blood pressure and forearm blood flow were determined as described above. The cold pressor test was used to assess responsiveness to another reflex stimulus and thereby to determine whether abnormal responses to LBNP were specific or were a manifestation of a generalized alteration in responsiveness to reflex stimuli.
The forearm vasoconstrictor response to local intra-arterial infusion of norepinephrine was evaluated in eight patients. Forearm blood flow was measured before and during 4 min of brachial arterial infusion of norepinephrine at 37.5 ng/min in 5% dextrose in water by means of a Harvard continuous nonpulsatile pump. The total volume of infusate was less than 0.4 ml/ min; no measurable changes in forearm blood flow are observed during infusion of vehicle into the brachial artery at these rates. 21 Protocol. The study was begun after a 30 min rest period during which the patients were familiarized with the techniques. After baseline measurements of forearm blood flow, heart rate, arterial and pulmonary artery pressure, and cardiac output were performed, we studied responses to LBNP at -10 and -40 mm Hg, cold pressor test, and intra-arterial infusion of norepinephrine. Interventions were performed in random order. Ten patients were then given an intravenous, rapidly acting digitalis glycoside. Seven patients received 0.0075 mg/kg ouabain (Eli Lilly and Co.). Because of lack of continued availability of ouabain, three patients received 0.02 mg/kg lanatoside C (Cedilanid-D; Sandoz Pharmaceuticals). The drugs were administered over 10 min. After a 20 min rest period, baseline hemodynamics and responses to LBNP were repeated.
Control subjects. Similar but less invasive studies were performed in 17 normal male volunteers, ages 24.5 + 1.0 years (range 19 to 34). The subjects were free of cardiovascular disease on the basis of medical history, physical examination, and echocardiographic studies and were not receiving any medication at the time of the study. Arterial pressure was determined by brachial or radial arterial cannulas placed with patients under local anesthesia, and central venous pressure was determined by an 18.5 gauge polyethylene catheter inserted percutaneously in a median antecubital vein and advanced to an intrathoracic position. Forearm blood flow responses to baroreceptor unloading with LBNP were performed as described above.
Statistical is glycoside, and (5) potential pathophysiologic implications of this study.
Mechanisms of impaired forearm vasoconstrictor responses to LBNP. Compared with the normal control subjects, the patients with LVD failed to develop vasoconstriction during graded levels of LBNP. Previous studies by Brigden and Sharpey-Schafer" and Goldsmith et al. 12 have shown that patients with heart failure have abnormal vascular responses to postural change, but the mechanism(s) underlying these abnormalities have remained unclear. We evaluated several possible mechanisms in this study, including the following: (1) the influence of high baseline FVR resulting in an inability to further vasoconstrict despite intact reflexes, (2) a nonspecific depression of reflex responsiveness in these patients, (3) the failure of LBNP to produce an adequate stimulus for reflex-mediated vasoconstriction in the patients with LVD, or (4) impairment in arterial and/or cardiopulmonary baroreflexes, as is seen in certain animal preparations of heart failure. '4 The 11 patients in this study had baseline FVR that was significantly higher than normal (table 3) . However, despite this high baseline resistance, the eight patients who underwent intra-arterial infusions of norepinephrine showed significant forearm vasoconstrictor responses that were similar in magnitude to those previously reported in normal subjects.2' This argues against a depression of vascular responsiveness due to high baseline resistance as the mechanism for the failure of forearm vasoconstriction during LBNP.
A cold pressor stimulus was used in six patients to determine whether the absence of vasoconstriction with LBNP might reflect a nonspecific or generalized depression of reflex responsiveness as opposed to a selective impairment of baroreceptor mechanisms. In two of the six patients, FVR fell 11% to 14% during the cold pressor test, but in four patients FVR increased by more than 47%. Thus, although a generalized depression in reflex responsiveness may be involved in some subjects, our results indicate that patients with LVD frequently fail to experience vasoconstriction during orthostatic stress despite intact reflex responsiveness and vascular reactivity.
We considered the possibility that LBNP did not produce an adequate stimulus for unloading of baroreceptors in these patients. It is known that the veins of patients with heart failure are less distensible than normal,23, 24 and thus comparable levels of LBNP in normal subjects and in patients with LVD might not result in sufficient levels of peripheral venous pooling to decrease cardiac filling pressures. However, as seen in table 3, LBNP -10 mm Hg produced a significant fall in pulmonary arterial end-diastolic pressure and LBNP -40 mm Hg produced a further fall in cardiac filling pressure as well as a significant fall in mean arterial pressure, although without a narrowing of pulse pressure. Thus the abnormal reflex vascular responses cannot be explained by a lack-of decrease in cardiac filling pressures during LBNP. In particular, it would seem difficult to explain the paradoxic reflex vasodilation observed in five of the 11 patients on the basis of an inadequate venous pooling during LBNP.
We propose that the abnormal vascular response to LBNP in the patients with LVD results from disorders of baroreceptor-mediated control of the systemic circulation, as has been shown in animal preparations of heart failure. Higgins et al.2 demonstrated marked attenuation of systemic and regional circulatory responses to arterial baroreceptor hypotension and hypertension in dogs with heart failure induced by tricuspid avulsion and progressive pulmonary artery stenosis. In a similar preparation of canine heart failure, Greenberg et al.3 demonstrated decreased sensitivity of atrial type B receptors to volume loading. Zucker et al. 4 showed that dogs with heart failure induced by aortocaval fistula had marked attenuation of the sensitivity of medulated left atrial type B receptors to any given change in left atrial pressure. The mechanism for this depressed sensitivity was thought to be due to a decreased left atrial compliance and structural alterations in the neural receptor endings with loss of their normally distinct end-arborizations.
Attenuation of arterial and cardiopulmonary baroreflexes would result in a decreased afferent inhibitory influence on the brainstem vasomotor centers, resulting in an increase in efferent sympathetic outflow and neurohumoral excitation. Studies in patients with heart failure have demonstrated this neurohumoral excitation with increased circulating levels of norepinephrine, plasma renin, and angiotensin.5 10 We did not measure plasma norepinephrine or renin activity in our patients, but a state of neurocirculatory excitation was suggested by resting tachycardia and elevated baseline total systemic vascular resistance and FVR in nine of the 11 patients (tables 2 and 3). inhibitory influence on the brainstem vasomotor centers and consequent peripheral vasodilation. Why would this occur in patients with LVD but not in normal subjects? The diastolic compliance curve of the left ventricle in patients with heart failure and cardiac enlargement is abnormal. An orthostatic stress may shift the heart to a flatter portion of the compliance curve, resulting in greater compliance as suggested by Abboud et al. 30 This could result in greater shortening of cardiac fibers for the same contractile state and hence greater activation of cardiac sensory nerve endings.
Mechanism of effects of digitalis glycosides on response of patients with LVD to LBNP. After the intravenous administration of a digitalis glycoside, the patients with LVD showed a decrease in baseline FVR and a reversal of their abnormal forearm vascular responses to LBNP (figure 4). In the control state, LBNP -40 mm Hg produced forearm vasodilatation, but after the digitalis glycoside the same level of LBNP resulted in forearm vasoconstriction. The possible mechanisms that could account for these effects include (1) direct effects of digitalis on the forearm vasculature, (2) direct sensitizing effect of digitalis on the impaired cardiopulmonary and/or arterial baroreceptors, (3) an indirect short-term inotropic effect of digitalis on cardiopulmonary baroreceptors, or (4) a combination of the above.
We considered possible direct effects of digitalis on the forearm vasculature. Digitalis is known to have a direct vasoconstrictive effect on isolated vascular smooth muscle.3' In addition, peripheral vasoconstricting effects of digitalis were observed in normal subjects by Mason and Braunwald,22 but these investigators observed that patients with heart failure had a vasodilator response to digitalis administration, presumably by an indirect mechanism. We also observed a decrease in baseline forearm resistance after digitalis in patients with LVD ( figure 3 ). Thus it would be difficult to explain the effects of digitalis solely on the basis of a direct vasoconstrictor effect of the drug.
Studies in animals have suggested that the digitalis glycosides can directly sensitize arterial and cardiopulmonary baroreceptors. Quest and Gillis'4 demonstrated in the isolated feline carotid sinus preparation that direct application of ouabain or acetylstrophanthidin increased spontaneous firing of the carotid sinus nerve and augmented the depressor response of the carotid sinus to elevation of arterial pressure. Direct application of 25 with increased firing of left ventricular receptors with nonmyelinated vagal afferents (C-fibers). Thames'5 demonstrated that intracoronary injection or epicardial application of acetylstrophanthidin in anesthetized dogs produced significant decreases in renal sympathetic nerve activity accompanied by a modest fall in heart rate and arterial pressure. Vagotomy and epicardial application of lidocaine prevented these reflex responses after acetylstrophanthidin. These findings suggested that the effect of acetylstrophanthidin was due to an augmentation of the inhibitory influence of cardiac receptors with vagal afferent fibers. Zucker et al.' 1 further demonstrated an augmented sensitivity of left atrial stretch receptors to volume loading in anesthetized dogs after intravenous injection of ouabain (20 ,ug/kg). The depressant effects of volume expansion or coronary occlusion on renal sympathetic nerve activity in dogs was also found to be augmented by the administration of intracoronary acetylstrophthandin by Thames et al. 16 Similar effects were seen during longterm administration of digitalis in dogs with therapeutic blood levels of digitalis. 32 Recent studies in normal human beings by Ferrari et al. 33 showed that the intravenous administration of lanatoside C (0.8 mg) increased significantly the bradycardic and hypotensive effect of carotid baroreceptor stimulation produced by neck suction but did not significantly affect the tachycardic and hypertensive responses in the neck elicited by pressure-induced carotid sinus deactivation. Thus one possible explanation for our observations is a direct sensitizing effect of digitalis on cardiopulmonary and/or arterial baroreceptors.
Another possible mechanism is an indirect effect of digitalis on 
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